As tendon stem/progenitor cells were reported to be rare in tendon tissues, tendons as vulnerable targets of sports injury possess poor self-repair capability. Human ESCs (hESCs) represent a promising approach to tendon regeneration. But their teno-lineage differentiation strategy has yet to be defined. Here, we report that force combined with the tendon-specific transcription factor scleraxis synergistically promoted commitment of hESCs to tenocyte for functional tissue regeneration. Force and scleraxis can independently induce tendon differentiation. However, force alone concomitantly activated osteogenesis, while scleraxis alone was not sufficient to commit, but augment tendon differentiation. Scleraxis synergistically augmented the efficacy of force on teno-lineage differentiation and inhibited the osteo-lineage differentiation by antagonized BMP signaling cascade. The findings not only demonstrated a novel strategy of directing hESC differentiation to tenocyte for functional tendon regeneration, but also offered insights into understanding the network of force, scleraxis and bmp2 controlling tendon-lineage differentiation.
T endons are frequently injured during sports and other rigorous activities 1 . Unfortunately, tendon injuries often lead to suboptimal repair associated with significant dysfunction and disability due to very limited selfrepair capability and scar formation [1] [2] [3] [4] . Therefore, it necessitates the development of therapeutic strategies to functionally repair injured tendons. At present, stem cells and tissue engineering techniques offer great potential for tendon regeneration. We and others have shown that direct implantation of somatic mesenchymal stem cells (MSCs) functionally improves tendon defects. However, it fails to regenerate functional tendons due to their inability to differentiate into mature tenocytes and potential ectopic ossification [5] [6] [7] . This indicates that additional cell source with greater regenerative potential and controlled tenogenesis differentiation is needed for tendon repair Fetal tendon has been shown to possess high intrinsic regenerative capacity 8 , suggesting that tenocyte progenitor at early developmental stage is a superior candidate for tendon regeneration. In this setting, human embryonic stem cells (hESCs) offer great promise as lineage committed progenitors during early development can be derived in vitro indefinitely. We have previously derived MSCs from hESCs by stepwise induction and utilized them for tendon repair 7 . Although implantation of hESC-MSCs improved the function of injured tendon, the lack of full regeneration in the repaired tendon suggests that hESC-derived MSCs need to further differentiate into a tenocyte lineage for tendon regeneration. To date, researchers have not reported strategies to specifically drive the differentiation of hESCs into a tenocyte fate. The signaling pathways involved in tendon development may potentially be harnessed to direct differentiation of hESCs into this tendon lineage.
Tenocyte development progresses at least through two stages: (i) formation of progenitor cells expressing Scleraxis (SCX), the only direct molecular regulator of tenocyte differentiation identified to date; (ii) tenocyte maturation and tendon formation [9] [10] [11] [12] . Despite the early expression of SCX in tendon progenitors, ectopic expression of SCX in vivo and overexpression in MSCs in vitro are insufficient to induce tendon formation and maturation 10, 13, 14 . It suggests that other factors are required to work synergistically with SCX to drive tendon differentiation. SCX gene knockout has been shown to result in severe force-transmitting tendon defects 12 , indicating that mechanical stress and SCX may play a synergic role in the tendon development and maturation. Indeed, mechanical stress enhances teno-lineage differentiation of bone marrow derived MSCs into the tenocyte lineage [15] [16] [17] [18] . However, mechanical stress also causes bone differentiation of tendon stem cells by increasing BMP2 signaling 3, 19 . BMP signaling is transduced by BMP type I receptor which directly phosphorylates and activates receptor regulated Smads (R-Smad) Smad1, Smad5, and Smad8. Activated Smads1/5/8 associate with common mediator Smad4 and the Smad complexes then translocate to the nucleus to activate target gene expression such as Runx2 20, 21 . Despite a line of evidence showing that overexpression of a biologically active Smad8 variant promotes tendon differentiation of murine MSCs 22 , BMP signaling inhibits tendon development by decreasing the formation of progenitor cells in embryonic tissue 10, 20 . During development, BMP signaling has been shown to restrict SCX expression and antagonizing endogenous BMP activity induces ectopic SCX expression 10, 20 , suggesting that BMP signaling is inhibitory to SCX expression. However, it remains unknown how overexpression of SCX may regulate BMP signaling to control the cell fate decision.
In this study, we investigated how combination of SCX and mechanical stress modulates the BMP signaling cascade in hESCs-derived MSCs to induce teno-lineage commitment. We provide the first evidence to demonstrate that SCX overexpression combined with mechanical stimulation synergistically drives differentiation of hESCs to the teno-lineage for tendon tissue engineering. This synergy was achieved by the function of SCX to selectively inhibit osteogenic differentiation of hESCs-MSCs activated by mechanical force through the antagonizing BMP signaling pathway.
Results
Overexpression of SCX augments differentiation of hESCs into tenocyte. To explore the effect of SCX overexpression on differentiation of hESCs into tenocytes, we firstly generated hESC-MSCs as previously described 7 ( Fig. 1a , Phase 1). SCX was then overexpressed in hESC-MSCs by infection with lentiviruses carrying SCX or control genes (Fig. 1a, Phase 2) . Overexpression of SCX, confirmed by qPCR, GFP expression, and western blotting analysis (see Supplementary  Fig. 1a-c) , induced more hESC-MSCs to develop an elongated morphology with a higher degree of alignment of actin fibers compared to the control (Fig. 1b) . Immunostaining further confirmed that both cells express collagen I and tenascin C, the markers of tenocyte 20 . A stronger collagen I expression was observed in cells overexpressing SCX compared to the control while tenascin C showed no different (Fig. 1b, c) . SCX overexpression augmented collagen deposition and scaffold-free engineered tendon formation (Fig. 1d, n522) . Moreover, in the engineered tendon, SCX reduced the expression of osteogenesis gene ALP, the transcription factor SOX9 which associated with chondrogenesis 23 , and mesodermal-related gene markers Snail1 and Snail2 24 ( Fig. 1e) . These results suggest that SCX overexpression, consistent with its role in somatic MSCs 14 promotes differentiation of hESC-MSCs into tenocyte.
Combination of SCX overexpression and mechanical stress synergistically promotes tendon maturation in vitro. Tenocyte maturation is the second stage of tendon differentiation 7, 25, 26 , which can be examined using the in vitro scaffold-free engineered tendon formation model 6, 7, 27 . Mechanical stress has been previously shown to increase differentiation of bone marrow derived MSCs into tenocytic lineage [15] [16] [17] [18] 28, 29 . This prompted us to examine the synergistic effect of SCX overexpression combined with mechanical stress on tendon maturation of hESC-MSCs in vitro. Mechanical stress alone induced the formation of a compact and sling-like tissue structure from hESC-MSCs (see Supplementary Fig. 2a ). Histological staining revealed highly aligned fibrils representative of mature tendon formation (Fig. 2a) , which was further confirmed by the histological score (Fig. 2b) . Mechanic stress also increased the mean diameters of collagen fiber larger than 22 nm (Fig. 2c) , which indicative of mechanical properties and maturation rate of the tendon 30 . Combination of SCX overexpression and mechanical stress had a synergistic effect on inducing more mature collagen fibril arrangement as shown by polarized light microscopy ( Fig. 2a) (Fig. 2c, 2d) . Moreover, SCX together with mechanical stress induced significantly higher frequency of samples to develop more mature collagen fibers (larger collagen diameters and more bands of collagen fibers with crimp pattern 25, 26, [30] [31] [32] ) than the control (percentage of mean collagen diameters larger than 22 nm 30 : 83%510/12 vs 17%5 2/12) after 2 to 3 weeks of mechanical stress application ( Fig. 2c and Supplementary Fig. 2b ). Furthermore, it caused the formation of more mature collagen fibers with arrangement in the engineered tendon as shown by electron microscopy (Fig. 2c , longitudinal section). Collectively, these results indicated that mechanical stress alone augments hESC-MSC derived tendon maturation. SCX overexpression together with mechanical stress had a synergistic effect on promoting hESC-MSC derived tendon maturation in vitro.
SCX overexpression boosts tenocyte maturation activated by mechanical stress through antagonizing BMP signaling mediated osteogenic differentiation. We next investigated the molecular mechanisms underlying the synergistic effect of SCX overexpression and mechanical stress on tendon maturation in engineered tendon. Gene expression analyses were performed on various extracellular matrixes (collagen Ia1, collagen Ia2 and collagen XIV 33 , transcription factors Eya2 , and surface marker tenomodulin) 34, 35 that are associated with tendon differentiation. While SCX overexpression alone had little effect on tenocyte gene expression at this stage of tendon differentiation, mechanical stress upregulated the expression of a few genes (Collagen 1a 2 and Eya 2), if not all (Fig. 3a) . However, combination of SCX overexpression and mechanical stress synergistically increased the expression of almost all genes examined (Fig. 3a) . Immunostaining results further confirmed this observation (Fig. 3b) . These results suggest that SCX overexpression may potentiate tenocyte differentiation that is suboptimally activated by mechanical stress to achieve the synergistic effect. To further look into the underlying mechanism, we examined the role of SCX overexpression and mechanical stress in modulating BMP signaling which has been shown to promote osteogenesis and inhibit tenocyte differentiation during development. Mechanical stress upregulated the expression of BMP2, Smad8 and osteogenesis marker osteocalcin (OCN) and this effect was abolished by SCX overexpression [9] [10] [11] [12] . (Fig. 3c) . These results suggested that mechanical stress may activated BMP signaling pathway to promote osteogenesis and SCX overexpression is able to antagonize BMP signaling to inhibit osteogenesis of hESC-MSCs.
To test this, we treated the cells with recombinant BMP2 and BMP antagonist noggin. While activation of BMP signaling pathway by BMP2 downregulated endogenous SCX expression, noggin induced SCX expression and antagonized the effect of BMP2 (Fig. 4a) . Moreover, blocking BMP signaling by noggin induced spindleshaped morphology of hESC-MSCs ( Fig. 4b ) and had trend to induce expression of tendon related ECM genes including collagen Ia1, collagen Ia2 and collagen III and transcription factor Six1 (Fig. 4c) . These results suggest that activation of BMP signaling is inhibitory to tenocyte differentiation and antagonizing BMP signaling is able to promote differentiation of hESC-MSCs into teno-lineage.
To determine whether SCX overexpression antagonize BMP signaling, we transiently co-transfected hESC-MSC, C3H10T1/2 and HeLa cell lines with SCX-expressing vector together with a construct that contained BMP2 promoter region fused to luciferase cDNA (pGL3 BMP2). BMP2 promoter activity was downregulated in the presence of SCX in the co-transfected cells (Fig. 4d) . Western blot analysis also showed that SCX overexpression was able to attenuate phosphorylated Smad1, Smad5 and Smad8 levels activated by BMP2 and BMP4 treatments (Fig. 4e, Supplementary Fig. 3) . Moreover, www.nature.com/scientificreports SCIENTIFIC REPORTS | 2 : 977 | DOI: 10.1038/srep00977similar to noggin, SCX overexpression inhibited the nuclear translocation of osteogenesis transcription factor Runx2, the downstream factor of BMP2-Smad signaling, in monolayer cells (Fig. 4f) . SCX overexpression increased nuclear translocation of Eya2 and noggin enhanced Eya2 translocation induced by SCX after 3 days treatment (Fig. 4g) . Taken together, these data suggested that SCX ovexpression may facilitate tendon differentiation and inhibit osteogenesis through repressing BMP-Smad-Runx2 signaling activated by mechanical stress.
Combination of SCX with mechanical stress enhances ectopic tendon regeneration in nude mice. The effect of SCX overexpression combined with mechanical stress in vitro motivated us to look into ectopic tendon regeneration in vivo. The engineered tendons were implanted subcutaneously into SCID mice for ectopic tendon regeneration. Cell tracking showed that engineered tendons were detected subcutaneously within the mice at least 4 weeks after implantation (see Supplementary Fig. 4a and 4b) . The HE and Masson trichrome staining results demonstrated that mechanical stress in situ induced the formation of a dense tissue mass consisting of bands of collagen fibers with small crimp patterns and spindle-shaped tenocytes (Fig. 5) . Additionally, mechanical stress in situ led to more collagen maturation within the engineered tendons compared to the control as shown by polarized light microscopy results and longitudinal section of TEM (Fig. 5) . More mature collagen fibers were formed in SCX1mech engineered tendon (Fig. 5 polarized light) that has 20% larger collagen fibers ( Fig. 5 and Supplementary Fig. 4c, p,0.05 ). This data thus indicated that SCX expression together with mechanical stress had a synergistic effect on promoting tendon maturation in vivo.
Discussion
This study demonstrated the sequential induction of hESC-MSC differentiation into teno-lineage for tendon regeneration by the combination of SCX overexpression and mechanical stress. The induction strategy for mature tendon differentiation was sub-divided into three stages: stage I: Differentiation of hESCs into MSCs; stage II: Initiation of tendon differentiation by SCX overexpression; and stage III: Induction of tendon maturation with mechanical stress together with SCX overexpression. In particular, mechanical stress and SCX overexpression have synergistic effects on tendon maturation. This synergy is achieved by the ability of SCX overexpression to boost tendon differentiation by selectively inhibiting ostoegenensis concurrently activated by mechanical stress through antagonizing BMP2-smad-Runx2 signaling pathway.
During embryonic development, expression of SCX, the earliest known marker of tendon progenitor cells and tenocytes, is highly specific 10, 11, 36, 37 . However, little is known about the role of SCX in regulating tendon differentiation and maturation. Although a recent study has reported that ectopitc expression of SCX promotes human BM-MSCs into tendon progenitors 38 , it remains unknown how SCX may regulate tendon differentiation and maturation. Using hESCMSCs and in vitro engineered tendon as the system to address this question, we revealed that SCX is able to drive the initiation of tendon differentiation from hESC-MSCs as it augmented the synthesis of tendon specific ECM and increased collagen deposition. However, SCX overexpression alone had little effect on the tendon maturation in the in vitro engineered tendon. These results suggest that SCX overexpression drives the initiation of tendon differentiation from hESC-MSCs, and it may need combine with secondary signal for tendon maturation. Interestingly, SCX has also been shown to regulate genes associated with bone and cartilage differentiation and . It suggests that SCX may influence cell fate decision beyond tendon lineage. How SCX may control lineage differentiation other than tendon needs future investigation.
Our results showed that mechanical stress, a well-known inducer for tendon differentiation, promotes tendon maturation of in vitro engineered tendon as shown by collagen fibers with crimp patterns and spindle-shaped cells aligned along the axis of tensile load. On the other hand, previous studies have also demonstrated that dynamic mechanical stress induces osteogenesis by activating BMP signaling 3, 19 . Confirming this observation, we also found that dynamic mechanical stress increased gene expression of BMP signaling components BMP2 and Smad8 42 and osteogenesis maturation stage gene OCN 42 in our engineered tendon model. It may implicated that SCX alone can only suppress early osteogenesis, rather than the late osteogenesis. But SCX can inhibit the end osteo-differentiation effect of mechanical stimulus. It suggests that mechanical stress activated both tenocyte maturation and BMP mediated osteogenesis program.
However, activation of BMP signaling is known to inhibit mesenchymal cell developing into tendon progenitor cells during tendon development, whereas blocking BMP signaling by antagonist noggin induces ectopic SCX expression 10 . Moreover, BMP signaling also inhibits SCX expression and increases cartilage gene expression in the precursor cells of heart valve which has similar structure of the tendon 43 . Furthermore, activation of BMP signaling causes tendon progenitor to differentiate into osteocytes and results in ectopic bone formation in the tendon 10, 20 . Collectively, these observations suggest that the activation of the BMP signaling induce osteogenesis, which is inhibitory to tendon differentiation. Our results confirmed this observation as activation of BMP signaling downregulated endogenous SCX expression, whereas blockage with noggin promotes tendon differentiation. SCX overexpression, although it is insufficient for inducing tendon maturation by itself, robustly boosted tendon maturation-inducing effect of mechanical stress. Our results demonstrated that, similar to noggin, overexpression of SCX was able to antagonize BMP signaling cascade mediated osteogenesis. Therefore, we revealed a mutual inhibitory interaction between SCX overexpression and BMP signaling. SCX overexpression selectively inhibits osteogenic differentiation of hESC-MSCs activated by mechanical force through antagonizing BMP signaling pathway.
Our results showed that SCX overexpression combined with mechanical stress also synergistically improved tendon regeneration in nude mouse model. Because the size of construct for ectopic tendon regeneration in nude mice is relatively small, it was not possible to do mechanical test in this study. Although this in vivo effect is encouraging, further investigation will be needed to evaluate the synergistic effect on long-term regeneration using additional animal model such as immunodepressed rat model. Despite that it is still preliminary to apply this strategy for functional regeneration of tendon injuries in the clinic, our study provides a proof of concept to establish a novel approach by combining genetic and physical methods to drive lineage specification of hESC-MSCs and has broad applications beyond tendon differentiation and regeneration.
Our results collectively demonstrated that SCX overexpression and mechanical stress are able to synergistically drive tendon lineage differentiation and ectopic tendon regeneration. This synergy is achieved by selective inhibition of SCX overexpression to osteolineage differentiation of hESC-MSC induced by mechanical force through antagonizing BMP signaling pathway. Our findings not only established a novel strategy of coming both genetic and physical approaches for directing tenogenic differentiation of hESCs, but also offer new insights into developing novel therapeutics to prevent tendon pathological ossification.
Methods
Cell culture. An undifferentiated NIH-registered human ESC H9 cell line was cultured on mitotically inactivated mouse embryonic fibroblasts and maintained under growth conditions and passaging techniques as described previously 44 . Mesenchymal differentiation was performed as described in our previous study 7 .
Briefly, a confluent 6-well plate of hESCs was trypsinized for 5 minutes at 37uC, neutralized, centrifuged, and resuspended in knockout Dulbecco's modified Eagle's medium (DMEM) (Gibco, Grand Island, NY, http://www.invitrogen.com) 45 , Figure supplemented with 10% serum replacement medium (Gibco) and 5 ng/ml FGF2 (Gibco) on a gelatinized 10-cm 2 plate. Most of the cells in culture appeared fibroblastlike after two passages and the cells were then seeded at very low density (10 cells/ cm 2 ) to form colonies. The hESC-derived colonies forming fibroblast-like (CFU-F) cells were designated as hESC-derived mesenchymal stem cells (hESC-MSCs).
Lentiviral production and infection. Human scleraxis gene (NM_001080514.1) was synthetized by Jin-Si-Te co. (Nanjing, Jiangsu, China) and then subcloned into the pleti-Gateway vector for constructing lentivirus (Invitrogen Inc., Carlsbad, CA, USA, http://www.invitrogen.com) and in packaging cell line Hek293T. Lentiviruses carrying SCX-GFP, SCX and their corresponding GFP and lacZ controls were generated in packaging cell line HEK293T to infect hESC-MSCs. After infection, the cells were then selected with blasticin (Invitrogen) at the concentration of 2 ug/ml for 2 weeks. The selection pressure was maintained to generate cells stably expressing SCX/SCX-GFP and control vectors. All the subsequent experiments were performed on cells infected with SCX-GFP and GFP control except that cells transduced with SCX and lacZ were used for immunostaining experiments to avoid confounding issue of GFP with FITC fluorochrome. For simplicity, SCX and control were used in the text unless it was specifically stated. Transduced cells at passage 3 and 5 after selection were utilized for functional studies.
Fabrication of hESC-MSC-engineered tendon in vitro under dynamic mechanical stress. As previously described, hESC-MSCs upon reaching confluence were cultured in high glucose DMEM supplemented with 10% (v/v) FBS and 50 mg/ml ascorbic acid. A multi-layered hESC-MSC cell sheet that formed within 2 to 3 weeks in a 70-cm 2 dish was detached from the substratum by applying a small roll-up force. The tissue-engineered constructs were then cultured under uniaxial dynamic tension as previously described 46 . To apply mechanical stress, the ends of the engineered tendons (40 mm) were anchored at 10% elongation to 44 mm in length. Culture medium was then added, followed by application of dynamic stress (1 HZ, 10% for 2 h/day) with medium change being carried out every other day. Engineered tendons were harvested 3, 7, 14 and 21 days after assembly for TEM, RNA isolation and histological staining.
TEM observation. Tissue specimens were fixed by standard procedures for TEM to assess collagen fibril diameter and alignment 47 . The samples were then mounted and sputter-coated with gold for viewing under TEM (Quanta 10 FEI). About 250 collagen fibers in vitro and 500 collagen fibrils were measured for each sample in vivo to obtain a true representation of the fibril diameter distribution.
Histological examination. Specimens were immediately fixed in 10% neutral buffered formalin, dehydrated through an alcohol gradient, cleared, and embedded in paraffin blocks. Histological sections (7 mm) were prepared using a microtome and subsequently stained with hematoxylin and eosin and Masson trichrome. General histological scoring was performed using hematoxylin and eosin staining. Three parameters (fiber structure, fiber arrangement, rounding of nuclei) were semiquantitatively assessed of in vitro engineered tendon. The scoring system is a modification of that utilized in a previous study 48 . These parameters were semiquantitatively graded into a four-point scale (0-III), with 0 being normal and 3 being maximally abnormal. Therefore, a normal tendon would score 0, and would maximally score 9.
Signaling pathways analysis. Effect of BMP-2 ,4 and noggin on the Differentiation of hESC-MSCs. hESC-MSCs were plated at 4310 3 cells/cm 2 in a 6-well plate and cultured in complete culture medium until the cells reached confluence. Then the cells were used for signaling pathway analysis. For endogenous SCX gene expression assay, they were incubated in complete culture medium with 30 ng/ml BMP2 and/or 1000 ng/ml noggin for 12 h, 24 h, 72 h 49, 50 , at 37uC, 5% CO2. To determine the phosphorylation of Smad1/5/8, the cells were treated with 30 ng/ml BMP2, BMP4 for 1 h. The immunofluorescence of Runx2 and Eya2 were detected after treated with noggin for 3 days.
Luciferase assays. hESC-MSC, hela and C3H10T1/2 cell lines were seeded in 96-well plates at densities of 3000 and 10000 cells per well. Then cells were co-transfected with the human scleraxis or mouse scleraxis (gift from Olson EN) expressing constructs or the corresponding empty vectors (4 ng to 20 ng ) along with, bmp2-pGL3-Luc (0.1 ug, gift of Rogers MB, New Jersey Medical School) and pRL-Renilla (20 ng, Promega) for 12 h using Lipofectamine (0.3 ul/well). After further culture for 24 h, the cells were finally harvested for dual luciferase activity assays (Promega).
In vivo remodeling of in vitro engineered tendons. In order to determine the potential for ectopic tendon formation by the tissue-engineered tendon under in vivo mechanical loading, a nude mouse model was utilized as previously described 7 . The experimental protocol was approved by the Zhejiang University Institutional Animal Care and Use Committee (ZJU2010102003). To provide in vivo mechanical loading, the engineered tendon (3 cm) was sutured to the fascia nuchae cranially at the level of the tenth thoracic vertebra and to the fascia of the musculi sacrospinalis at the level of the second sacral vertebra. Thereafter, natural movement of the mouse back provided cyclic mechanical loading on the engineered tendon.
Statistical analysis. All data are expressed as mean 6 SD, unless otherwise indicated. Statistical comparison between groups was analyzed by the Student's t-test. The interactive effect of mechanical stress and SCX on tendon differentiation was analyzed using factorial design analysis-of-variance (ANOVA). Values of p,0.05 were deemed to be statistically significant.
